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ABSTRACT: Apolipoprotein E (apoE) is an important lipid-transport protein in human plasma and brain. It
has three common isoforms (apoE2, apoE3, and apoE4). ApoE is a major genetic risk factor in heart
disease and in neurodegenerative disease, including Alzheimer’s disease. The interaction of apoE with
heparan sulfate proteoglycans plays an important role in lipoprotein remnant uptake and likely in
atherogenesis and Alzheimer’s disease. Here we report our studies of the interaction of the N-terminal
domain of apoE4 (residues-191), which contains the major heparin-binding site, with an enzymatically
prepared heparin oligosaccharide. Identified by its high affinity for the N-terminal domain of apoE4, this
oligosaccharide was determined to be an octasaccharide of the stiNCIAp2S(1—[4)-0-D-GIcCNpS6S-
(1—4)-a-L-IdoAp2S(E—]34)-0-D-GICNpS6S by nuclear magnetic resonance spectroscopy, capillary
electrophoresis, and polyacrylamide gel electrophoresis. Kinetic analysis of the interaction between the
N-terminal apoE4 fragment and immobilized heparin by surface plasmon resonance yi&lgetl 8560

nM. A similar binding constanty = 140 nM) was observed for the interaction between immobilized
N-terminal apoE4 and the octasaccharide. Isothermal titration calorimetry reveéleaf @5 nM for the
interaction of the N-terminal apoE fragment and the octasaccharide with a binding stoichiometry of
approximately 1:1. Using previous studies and molecular modeling, we propose a binding site for this
octasaccharide in a basic residue-rich region of helix 4 of the N-terminal fragment. From the X-ray crystal
structure of the N-terminal apoE4, we predicted that binding of the octasaccharide at this site would
result in a change in intrinsic fluorescence. This prediction was confirmed experimentally by an observed
increase in fluorescence intensity with octasaccharide binding correspondingqtofa~1 uM.

Apolipoprotein E (apoB)is an important lipid-transport  alleles €2, €3, ande4). The three isoforms differ at amino
protein in human plasma and brain. In recent years, acids 112 and 158 and vary in their metabolic properties
biochemical, cell biological, and epidemiological studies have and association with diseasB.(ApoE3 (Cys-112 and Arg-
suggested that apoE is a major genetic risk factor in a numberl158), the most common isoform, binds normally to LDL
of diseasesl). The humarmAPOEgene has three common receptors and is associated with normal lipid metabolism,
whereas apoE2 (Cys-112 and Cys-158) binds defectively and
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of the LDL receptor 12). The structure of the C-terminal
domain (residues 216299) is not known, but has been
predicted to bea-helical (13). The C-terminal domain
contains the major lipid-binding elements and is responsible
for the self-association of apoE in the absence of lifit] (
14).

Both the N- and C-terminal domains contain a heparin-
binding site 15, 16). The N-terminal domain contains a high-
affinity heparin-binding site (residues 14247) overlapping
with the receptor-binding regiori§). The C-terminal domain
contains a heparin-binding site that is only available for
interaction in the lipid-free statd ). A third heparin-binding
site (residues 211218) has been proposed for the segment
of protein that connects the N-terminal and C-terminal
domains 15).

Binding between glycosaminoglycans and other macro-
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centrifugation, and the solution was passed through a
sulfopropySephadex column to remove the remaining
protein. The oligosaccharide mixture was adjusted to pH 7.0,
freeze-dried, redissolved in water, and separated by pressure
filtration with a 5000 molecular weight cutoff (MWCO)
membrane (Millipore) into low-molecular weightvif <
5000) and high-molecular weigh¥i¢ > 5000) oligosaccha-
rides. The resulting low-molecular weight oligosaccharide
mixture in 1 g/50 mL portions was fractionated on a 4.8 cm

x 100 cm column packed with Sephadex G-50 (superfine,
Pharmacia) and eluted with 50 mM sodium phosphate buffer
(pH 7) containing 200 mM NaCl. The resulting oligosac-
charide fractions, corresponding to mixtures of tetrasaccha-
rides, hexasaccharides, and octasaccharides, were dialyzed
(500 MWCO for tetra- and hexasaccharides and 1000
MWCO for octasaccharides) exhaustively against water and

molecules has been hypothesized to have highly diversefréeze-dried.

functional roles, such as the structural organization of the
extracellular matrix in connective tissue, the control of
homeostasis, the specific binding of plasma proteins to the
blood vessel wall, complement activation, and the regulation
of cell behavior and metabolismM 7, 18). ApoE binds LDL
receptors and plays a central role in plasma lipoprotein
metabolism and cholesterol transpdr). In the liver, apoE

The apoE 22 kDa fragment (20 mg) was immobilized on
1.5 g of cyanogen bromide-activated Sepharose 4B (Phar-
macia) according to the manufacturer’s instructions. After
this matrix was thoroughly washgd 1 cmx 5 cm column
was packed and equilibrated with 25 mM Gly-Gly buffer
(pH 7.5). Tetrasaccharide-, hexasaccharide-, and octasac-
charide-sized mixtures were individually loaded onto this

mediates lipoprotein remnant binding to the heparan sulfate ffinity column washed with 1620 column volumes of Gly-

proteoglycan (HSPG)LDL receptor-related protein path-
way, facilitating lipoprotein uptakel@).

Most recently, the role of apoE and HSPG in the brain
has come under increased scrutiy. (Studies of cultured

neurons suggest that the effects of Alzheimer’s disease are

mediated by the interaction of apoE with the HSPM®L
receptor-related protein pathwaldj. Neuro-2a cells treated

with heparinase, which removes heparan sulfate chains from

HSPG or chlorate, which blocks HSPG sulfation, do not
show apoE3-induced neurite extension and apoE4-induce
inhibition of neurite extension. Thus, the HSPGDL
receptor-related protein pathway is essential for the observe
apoE isoform-specific effects on neurite extension. According
to this model, apoE interacts with the HSPG on the cell
surface initially and is then transferred to the LDL receptor-
related protein receptor for internalization. Thus, the interac-
tion with glycosaminoglycans represents the initial recog-
nition step that localizes the apoE to the cell surface.

Here we report our studies on the interaction between a
heparin-derived oligosaccharide and the N-terminal domain
of apoE4.

EXPERIMENTAL PROCEDURES

Preparation of the HepariDerived Octasaccharidelhe

Gly buffer, and eluted by washing with a gradient from 75
mM to 1 M NacCl in the same buffer. High-affinity fractions
(>150 mM NacCl eluent), prepared from each mixture, were
desalted by dialysis as described above.

Oligosaccharide mixtures and high-affinity fractions pre-
pared from the same mixtures were analyzed by strong anion
exchange high-performance liquid chromatography (SAX-
HPLC) at a flow rate of 4 mL/min on a 4.6 mx 100 mm
HQ/H SAX column (BioCAD) eluted wh a 0 to 3 Mlinear

4NaCl gradient over the course of 22 min. The hexasaccha-

ride-sized fraction eluted as two peaks, which were identified

oy coelution from a SAX-HPLC column with standards

previously prepared in our laborator®Q). The octasaccha-
ride-sized fraction with a high affinity for apoE eluted as a
single peak, which was co-injected with the octasaccharide-
sized mixture to identify the high-affinity component in this
mixture. Repetitive fractionation with the same SAX column
yielded the high-apoE affinity octasaccharide in the multi-
milligram amounts required for structural characterization
and interaction studies.

Electrophoresis Analysis of the Heparin Octasaccharide.
The heparin octasaccharide was analyzed by polyacrylamide
gel electrophoresis on a 22% polyacrylamide gel and
visualized with alcian blue stainin@@). Capillary electro-
phoresis (CE) analysis was performed on an ISCO CE system

heparin-derived octasaccharide was prepared from porcineequipped with an ultraviolet detector set at 232 nm. The

intestinal mucosal heparin (145 1U/mg, Hepar Industries) by
controlled enzymatic depolymerization with heparin lyase |
(EC 4.2.2.7, Sigma Chemical Co.) as previously described
(20). Briefly, 25 g of heparin was prepared in 400 mL of 50
mM sodium phosphate buffer (pH 7.0) containing 2 mg/mL
bovine serum albumin (Sigma Chemical Co.) and sterilized
with a filter (0.22um). To this solution was added 2.5 1U
of heparin lyase | at time 0 and again at 24 h, and the mixture
was incubated at 3T until the digestion was 50% complete.
The mixture was adjusted to pH 3 with concentrated
hydrochloric acid. The precipitated protein was removed by

sample was applied at the cathode and subjected to reverse
polarity with 20 mM phosphoric acid, adjusted to pH 3.5
with saturated dibasic sodium phosph&#) (Separation and
analysis were carried out in a fused silica (externally coated
except where the tube passed through the detector) capillary
tube (50um inner diameter, 36@m outer diameter, 62 cm
long, and 42 cm effective length). The tube was washed
extensively with 0.5 M sodium hydroxide, deionized distilled
water, and running buffer. Samples were injected by vacuum
injection (vacuum level 2, 12.79 kPa). Each experiment was
performed at a constant voltage of 20 kV.
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Characterization of the Heparin Octasaccharidéhe sensor surface was regenerated for the next sample with a
octasaccharide sample (1 mg) was dissolved 0 [29%) 10 uL pulse d 2 M NaCl. The response was monitored as
and freeze-dried to remove exchangeable protons. After thea function of time (sensogram) at 26. This procedure was
sample was exchanged three times, it was dissolved in 700repeated with full-length (14 800 Da) porcine intestinal
uL of DO (99.96%, Sigma). One-dimension&l nuclear mucosal heparin (Celsus Laboratories, Inc.) over a concen-
magnetic resonance experiments were performed on a Variartration range of 73684 nM in 20 mM ammonium bicarbon-

VXR-500 spectrometer equipped Wwita 5 mm triple- ate buffer at pH 7.4. Kinetic parameters were evaluated with
resonance tunable probe with standard Varian software atBIA Evaluation software (version 3.0.2, 1999).
298 K. Isothermal Titration Calorimetry (ITC) Used To Assess

The octasaccharide sample (B8) was dissolved in 40  the OctasaccharideApoE InteractionITC was performed
uL of 5 mM sodium phosphate and 200 mM NaCl (pH 7.0). on a microtitration calorimeter (Hart Scientific) to assess the
Heparin lyase | (1 unit) was applied for 24 h at 30 to interaction between the N-terminal fragment of apoE and
ensure complete digestion of the sample. After the reactionthe octasaccharide. The N-terminal apoE4 fragment (1.3 mL
was complete, the sample was heated at*IDéor 1 min to at 50uM) was titrated with 18 injections (106L) of 1 mM
inactivate the enzyme. The digestion product was comparedoctasaccharide. The samples were in 20 mM ammonium
to disaccharide standards using analytical SAX-HPLC to bicarbonate buffer (pH 7.4). The experiments were performed

confirm identity @2). at 25°C. Peak areas were analyzed with the BindWorks
Biotinylation of Peptidoglycan HeparinSemipurified (version 1) program from Applied Thermodynamics. Ex-
(unbleached) heparin is a mixture containing§0% glycos- perimental procedures and data fitting have been previously

aminoglycan and-10% peptidoglycan heparid8). Semi- described 23).

purified heparin (10 mg, Celsus Laboratories, Inc., Cincin-  Fluorescence Used To Assess the OctasacchaAgeE

nati, OH) was biotinylated in the core peptide using NHS- Interaction. The excitation wavelength was set at 295 nm,

LC-biotin to afford reducing end biotinylated heparin. The and the emission was measured from 300 to 400 nm. The

position of the biotin on the peptide was confirmed through titration was performed at 25C by adding small amounts

p-elimination, which selectively removed biotin, affording (1—10 L) of an octasaccharide solution (2M) into 500

glycosaminoglycan hepari@g). uL of apoE (0.15u4M in 20 mM ammonium bicarbonate
Preparation of Biosensor ChipsA heparin chip was buffer at pH 7.4). An increase in fluorescence was observed

prepared by immobilizing biotinylated heparin on a strepta- at 353 nm with increasing octasaccharide concentrations. The

vidin sensor chip (Biacore) as described previoudh).(The increase in fluorescence at 353 nm typically results from the
first three flow cells of the chip were treated with biotinylated exposure of a tryptophan to solve@d). A Ky was calculated
heparin, while the fourth served as a control. from the resulting titration curve.

An apoE biochip was prepared by covalent attachment of Determination of the High-Resolution Crystal Structure
the apoE4 N-terminal domain to the sensor surface throughof ApoE4. Expression and purification of the 22 kDa
its primary amino groups. The carboxymethylated dextran N-terminal fragment of apoE4 have been described previ-
surface (CM-5% sensor chip) was first activated with an ously 25). Crystals were grown by vapor diffusion with the
injection pulse (7 min, 3%«L) of an equimolar mix of hanging drop method. The crystallization conditions were
N-hydroxysuccinimide (NHS) andN-ethyl-N-[(dimethyl- 22% polyethylene glycol 400 (Fluka), 20 mM sodium acetate
amino)propyl]carbodiimide (final concentration of 0.05 M, (pH 6.2), and 0.1%8-mercaptoethanol. One month before
mixed immediately before injection). The protein solution, data collection, the concentration of polyethylene glycol 400
80 uL, was then injected manually (1Q@g/mL in citrate in the reservoir solution was increased to 28%. At the time
buffer at pH 4.5). Four different pH values (4.5, 5, 5.5, and of data collection, the crystals were mounted in a hair loop
6) were examined. A pH of 4.5 resulted in the immobilization with the reservoir solution as the cryoprotectant. Data beyond
of the greatest amount of apoE4. Excess unreacted sites ori.8 A were collected on the Advanced Light Source beamline

the sensor surface were blocked with ai@5injection of 1 5.0.2, equipped with an Oxford cryostream and a Quantum4
M ethanolamine, and the surface was again cleaned with theADSC CCD detector. The data were integrated with MOS-
extraclean program. FILM (26) and scaled with SCALAZY). The structure was

Kinetic Binding Measurements by Surface Plasmon Reso-determined by molecular replacement with the model of
nance (SPR)-or the heparin chip, a 14 injection of apoE apoE3 as determined by the multiple-anomalous dispersion
(concentration of 2.30.11 xuM in 20 mM ammonium method (1Bz4) 28) with all of the lysines, glutamates,
bicarbonate buffer at pH 7.4) was carried out at a flow rate glutamines, and arginines converted to alanine residues. After
of 5 uL/min. At the end of the sample plug, the same buffer rigid-body refinement, as implemented in X-PLOR 328)(
was passed over the sensor surface to facilitate dissociationthe initial Ryork and Ryee were 0.31 and 0.37, respectively.
After a suitable dissociation time, the sensor surface wasOmit electron density maps covering contiguous blocks of
regenerated for the next sample with a:d0pulse of 2 M approximately 10% of the protein were generated with the
NaCl. The response was monitored as a function of time wARP method 80). The model in each block was rebuilt

(sensogram) at 25C. with XTALVIEW ( 31). The models were refined through
For the apoE chip, a 1bL injection of the HP octasac- cycles of REFMAC 82) and calculations of wARP maps
charide (over a concentration range of 2:82.50uM in and model rebuilding. The final model was polished with

20 mM ammonium bicarbonate buffer at pH 7.4) was made cycles of omit maps, model building, and refinement with
at a flow rate of 5uL/min. At the end of the sample plug, X-PLOR. The deviations from ideal values for the bond
the same buffer was passed over the sensor surface talistances and angles and the fiRalactors are summarized

facilitate dissociation. After a suitable dissociation time, the in Table 1. The final model was checked with the program
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Table 1: Statistics for Data Collection and Refinement of the 22 £ “eTA £ :: B
kDa N-Terminal Fragment of ApoE4 g o w]
data collection statistics { 0081 {00
space group P2:2:2; g 0.03
cell constants (A) 40.22,53.21, 84.76 0.041 0014
resolution (A) 1.8 < v , - oS
overall completeness (%) 99.1 o1
overall o (1O 27.4 E 000s{C € 00sl0
overall Rperge 0.037 8 8 o000
resolution of the highest shell (A) 1.80.98 0015 e
completeness of the highest shell (%) 98.7 § § ooz
M o(1)Cof the highest shell 3.7 ©.0051 N
RmergeOf the highest shell 0.199 M N
refinement statistics " o400 600 900 1200 1500 0400 600 900 w0 1500
resolution (A) 1.8 Time (secs) Time (secs)
no. of unique reflections 15844 FIGURE 2: Isolation of an octasaccharide by affinity chromatog-

no. of non-hydrogen protein atoms 1242 raphy. The heparin octasaccharide fraction from the Sephadex G-50
deviations from ideality column (Figure 1) was applied to an affinity matrix on which the
bond lengths (A) 0.004 N-terminal domain of apoE4 was immobilized. Fractions were
bond angles (deg) 0.8 analyzed by analytical SAX-HPLC: (A) the octasaccharide (dp8)
Ruork 0.22¢ fraction from Figure 1, (B) the octasaccharide flow-through fraction
Riree 0.230 from the apoE affinity column, (C) the high-affinity octasaccharide

fraction from the apoE affinity column containing a single major
peak at 1100 s, and (D) the octasaccharide purified from the
octasaccharide fraction by preparative SAX-HPLC. Peaks eluting
before 400 s correspond to the injection front.

aThere was insufficient electron density to locate residueg2,
84, 85, and 163191 in the final electron density magsThe final
model was the result of the refinement cycle in whRky« and Ree
were the closest. Although further refinement decre&gg to <0.20,
it did not significantly decreas®e., indicating that the no further
improvement in the phases was obtained by continuing the refinementwhereas the octasaccharide mixture exhibited only a single
past this point. interacting oligosaccharide (Figure 2). The two peaks in the
hexasaccharide fraction showing affinity for apoE were

dp2 identified as AUAp2S(t—[4)-a-b-GIcNpS6S(1-4)-0.-L-

z 2.5 - [doAP2S(1]24)-0-D-GIcNpS6S andAUAp2S(1—4)-o.-D-

£ GlcNpS6S(1-4)-a-L-ldoAp2S(t+4)-0-D-GIcNpS6S(+-4)-

8 201 i B-D-GlcAp(1—4)-0-D-GIcNpS6S, by coelution via SAX-

E 51 dp10gog dpé dp4 | HPLC with standards previously prepared in our laboratory

5 (20). The peak corresponding to the high-affinity binding

?, 1.04 5 octasaccharide was identified in the octasaccharide-sized

é’ fraction by co-injection on analytical SAX-HPLC. Repetitive
05 — T SAX-HPLC of the octasaccharide mixture yielded multi-

60 80 100 120 140 160 180

milligram quantities of this high-affinity binding octasac-

Fraction Number 7 s . . . .
charide for structural characterization and interaction studies.

Ficure 1. Gel filtration of heparin-derived oligosaccharides. Structural Characterization of the Oligosaccharidealy-
Heparin was partially depolymerized with heparin lyase | and

fractionated by size on a Sephadex G-50 column. Peaks corre-SiS Of the isolated oligosaccharide by CE gave a single major
sponding to disaccharide (dp2), tetrasaccharide (dp4), hexasacchapeak at a migration time of 400 s (Figure 3A). The presence
ride (dp6), and octasaccharide (dp8) were collected and desaltedof a single major symmetrical peak confirmed that the sample

) i ) is >95% pure. Polyacrylamide gel electrophoresis analysis
WHATIF and deposited with the Protein Data Bank (entry of the oligosaccharide showed it to be an octasaccharide
1B68). (Figure 3B). Heparin lyase | cleaves heparin endolytically
RESULTS at the—4)-0-p-GIcNpS6S(+4)-a-L-IdoAp2S(E— linkage
(33), the most frequently occurring glucosaminidic linkage.
Heparin was subjected to controlled enzymatic depoly- Thus, an oligosaccharide consisting only of repeats of the
merization and pressure filtration to yield a mixture of oligo- major disaccharide unit of heparin should be completely
saccharides ranging from disaccharide [degree of polymer-depolymerized to the disaccharide by treatment with heparin
ization (dp) 2] to tetradecasaccharide (dpl4). The high- lyase I. Analysis of the digestion products of the oligo-
molecular weight oligosaccharideM{ > 5000) were re- saccharide on SAX-HPLC yielded a single symmetrical peak
moved by pressure filtration. Separation of the low-molecular at 27 min (Figure 3C). This peak corresponds to the retention
weight oligosaccharide mixturéVg < 5000) on Sephadex time of the disaccharide standard from hepafitlAp2S-
G-50 vyielded oligosaccharide fractions (Figure 1). The (1—4)-p-GIcNpS6S, previously characterized in our labora-
tetrasaccharide-, hexasaccharide-, and octasaccharide-sizedry (34). One-dimensionalH nuclear magnetic resonance
fractions were next examined for affinity for the immobilized spectroscopy was used to confirm that the identity of the
apoE4 N-terminal domain. The tetrasaccharide fraction oligosaccharide is the fully sulfated heparin octasaccharide
exhibited no interaction, while the hexasaccharide and of the structure AUAp2S(1—[4)-a-b-GIcNpS6S(1-4)-a-
octasaccharide fractions displayed oligosaccharides that.-ldoAp2S(1—]:4)-0-D-GIcNpS6S (Table 2).
bound to the affinity column. SAX-HPLC analysis and apoE ~~ SPR StudiesPeptidoglycan heparin, biotinylated on the
affinity fractionation showed that the hexasaccharide mixture peptide at its reducing end, was immobilized on the surface
contained two interacting oligosaccharides (not shown), of a streptavidin-coated sensor chip. Immobilization was
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Ficure 4: SPR data on the interaction of the apoE4 N-terminal
FIGURE 3: Structural characterization of the heparin octasaccharide domain with heparin and heparin octasaccharide. (A) SPR senso-
with high affinity for the apoE4 N-terminal domain. (A) Capillary  grams of apoE4 N-terminal domain interacting with immobilized
electrophoresis of the octasaccharide indicated thati®B8% pure. heparin. The apoE4 N-terminal domain at 0.11, 0.23, 0.91, 1.37,
(B) Analysis of the octasaccharide by polyacrylamide gel electro- and 2.28uM was passed over a Biacore chip containing im-
phoresis: lane a, ladder of heparin-derived oligosaccharide standardsnobilized heparin. (B) SPR sensograms of the heparin octasac-
with the dp of intense bands marked; and lane b, purified heparin charide with the immobilized N-terminal domain of apoE4. Heparin
octasaccharide. (C) Analytical SAX-HPLC chromatogram of the octasaccharide at 2.17, 4.07, 8.23, 16.46, and 32\bWas passed
octasaccharide after exhaustive depolymerization with heparin lyaseover a Biacore chip containing the immobilized N-terminal domain
I. The observed peak coelutes with a disaccharide standard withof apoE4.
the structureAUAp2S(1—4)-D-GIcNpS6S. The arrow indicates the
position where the heparin octasaccharide eluted before treatmen
with heparin lyase I.

Time (in minutes)

Table 3: Binding of the N-Terminal Domain of ApoE4 to Heparin
and Octasaccharide As Determined by SPR

Table 2: '"H NMR Spectral Characteristics of the Heparin kon (M~1s7%) Kott () Ko (nM)
Octasaccharide Chemical Shift in Parts per Million and Integration heparirt 8.4x 10¢ 1.3x 1072 150
octasaccharide 15x 1P 2.0x 1072 133
AUAp2S GlecNpS6S doAp2S heparift 7.4 10° 9.6 x 1074 13
:% 45123 8:; ggzggg gim 2%32% g:g a ApoE4 (N-terminal domain) flowed over reducing end immobilized
H3 4'32 (1H) 3.6&3.72 (4H) 4.18—4.22 (3H) heparin.” Heparin or octasaccharide flowed over the immobilized
H4 5.96 (1H)  3.793.83(4H)  4.08-4.13 (3H) N-terminal domain of apoE4.
:ga i‘%asijgg gi:; 4.774.82 (3H) negatively charged carboxymethylated dextran sensor surface
H6b 4.23-4.28 (4H) of a plasmon resonance chip to examine binding in the

reverse configuration. The heparin octasaccharide exhibited

confirmed by an increase of 1000 RU (response unit) on thea strong interaction when passed over the apoE surface
sensor chip. Biotinylated heparin was stably bound to the (Figure 4B). Both the association and dissociation rate
sensor surface. Even after 10 injections of apoE and 10 constants fit well to a single-site model, affordikg, Ko,
regeneration steps wit2 M NaCl, more than 90% of the and Ky values for the interaction between apoE and the
reactivity remained. heparin octasaccharide (Table 3). As a control experiment,

Several concentrations of apoE were injected over the heparin was passed over the apoE surface. We observed a
biochip containing immobilized heparin to estimate the rate k,, comparable to that observed for the octasaccharide;
constants and affinity parameters of the aptiEparin however, thek, was significantly lower, giving a 10-fold
interaction (Figure 4A). Both the association and dissociation lower K4 (Table 3). The data for heparin interaction with
kinetics fitted a one-site model, and the on-rdig)( off- immobilized apoE fit best to a bivalent analyte model,
rate (), and dissociation constants for this interaction are suggesting that heparin makes more than one contact with
given in Table 3. the immobilized apoE molecules on the chip surface,

Since the heparin octasaccharide is too small to immobilize complicating the direct comparison of these data to those
onto a sensor chip, we next immobilized apoE on the obtained for the octasaccharide.
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Ficure 5: ITC analysis of the heparin octasaccharide that interacts
with the N-terminal domain of apoE4. (A) The heat evolved as a
function of time is shown over the course of 18 injections 419

of the heparin octasaccharide into 1.3 mL of apoE4480). (B)
Integrated data, with heat in microjoules (peak area in panel A) as
a function of heparin octasaccharide concentration. The fitted data
(—) describe an interaction with/aH of —44 kcal/mol, a4 of 76

nM, and a stoichiometrynj of 1.26 molecules of octasaccharide
per molecule of apoE.

R145

ITC StudiesThe binding of the N-terminal apoE4 frag-
ment to the fully sulfated octasaccharide was determined by
ITC. The heats of titration (Figure 5) were measured, and ggyre 6: Model of heparin binding to apoE. (A) The heparin-
the fitted data describe an interaction withH of —44 kcal/ binding site (residues 142150) in the 1.8 A crystal structure of
mol, a Kg of 76 nM, and a stoichiometrynj of 1.26 the 22 kDa N-terminal domain of apoE4 (PDB entry 1B68). In the
molecules of octasaccharide per protein. crystal structure, the R142 and R145 side chains (pink) form cell

Fluorescence StudiesThe binding of the N-terminal contacts with E49 (cyan) from an adjacent symmetry-related

X . g ) molecule. The A and B conformations of both R142 and R150 are
fragment of apoE4 with the heparin octasaccharide was alsoshown. For all side chains, the oxygen atoms are shown in red and
studied by fluorescence spectroscopy. An increase in fluo- the nitrogen atoms are shown in blue. (B) Model of the R142 and
rescence at 353 nm was observed on titration of apoE4 with R145 anion binding site that forms two salt bridges with th®-6-
the octasaccharide (data not shown)KAof ~1 uM was sulfo group of glucasamine.

calculated from the resulting titration curve.

form size. Tetrasaccharide (dp4), hexasaccharide (dp6), and
DISCUSSION octasaccharide (dp8) fractions were screened for their
interactions with an affinity matrix containing the im-
Studies on the interaction of apoE4 and heparin were mobilized apoE4 N-terminal domain. The apoE4 N-terminal
undertaken because of the demonstrated importance of thalomain was selected for this study because it contains a
apoE interaction with HSPGs in lipoprotein remnant clear- heparin-binding sitel(6) characterized by basic residues that
ance and the potential importance of the interaction of apoE4 play a major role in heparin binding (Figure 6). This fragment
with the heparin-related proteoglycan heparan sulfate in thealso contains a CardifiWeintraub heparin-binding sequence
pathogenesis of Alzheimer’s disease. Heparin oligosaccha-(35).
rides, prepared by treating heparin with heparin lyase |, have The tetrasaccharide mixture did not interact when passed
been purified and structurally characteriz@)( Using this through an apoE4 affinity matrix in a buffer containing 150
enzymatic approach, we prepared a mixture of heparin mM sodium chloride, suggesting that such oligosaccharides
oligosaccharides and fractionated it by gel permeation were of insufficient size to promote strong binding to apoE.
chromatography to obtain oligosaccharide fractions of uni- We next fractionated the hexasaccharide (dp6) fraction by
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affinity chromatography. SAX-HPLC analysis of this fraction presence of one or more additional binding sites in the
showed that it contained two interacting oligosaccharides, C-terminus of apoE1[6). The interaction of the octasaccha-
suggesting a lack of selectivity in these interactions. The ride with the immobilized N-terminal fragment of apoE
binding of hexasaccharides, the octasaccharide, and hepariyielded twice thek,n andke, with essentially the sami€y,
to the apoE4 N-terminal domain, as measured by affinity observed for the interaction with intact heparin (Table 3).
chromatography, exhibited elution over a narrow range of The interaction of heparin with the immobilized N-terminal
sodium chloride concentrations (from 0.2 to 0.5 M), limiting domain of apoE yielded a 10-fold loweky than the
the utility of this method for a detailed study of these octasaccharide; however, comparison of these experiments
interactions. is complicated by the fact that heparin can make more than
The octasaccharide (dp8) fraction was examined in detail one interaction with the immobilized apoE.
as it contained a single oligosaccharide that bound apoE4 The thermodynamics of the binding of the octasaccharide
with sufficient avidity to result in a selective interaction. to the 22 kDa N-terminal domain of apoE4 was next
SAX-HPLC was used to prepare multi-milligram amounts examined by ITC. AAH of —44 kcal/mol was observed for
of this high-affinity oligosaccharide from the octasaccharide the binding interaction. From an analysis of the ITC data, a
fraction. CE analysis demonstrated that the oligosaccharideKy of 76 nM and a stoichiometry of 1.26 mol of octa-
was >95% pure, and PAGE analysis confirmed that it was saccharide/mol of the apoE4 N-terminal domain were
an octasaccharide. Exhaustive treatment of this octasacchaealculated. This stoichiometry supports the hypothesis that
ride with heparin lyase | afforded a single product that a single octasaccharide binds to the heparin-binding site in
coeluted on analytical SAX-HPLC with the disulfated the N-terminal domain of apoE4. The most highly sulfated
disaccharide, AUAp2S(1—4)-0-p-GIcNpS6S. *H nuclear hexasaccharide having affinity for apoE4 was also examined
magnetic resonance spectroscopy of the high-affinity hep- by ITC. This hexasaccharide bound with considerably (1000-
arin octasaccharide (Table 2) was used to confirm its fold) lower affinity than the strongly interacting octasaccha-
structure asAUAp2S(t—[4)-a-D-GIcNpS6S(+4)-o-L- ride. These data together with the affinity chromatography
IdoAp2S(1-]s4)-0-D-GIcNpS6S. This was identical to a and SPR experiments confirm that the isolated octasaccharide
heparin octasaccharide previously prepared and characterizeds the minimum sized binding partner required for strong
in our laboratory 20). It is important to note that the natural interaction with the apoE4 N-terminal domain.
ligand for apoE4 is probably heparan sulfate. The isolation  Previous studies have shown that the sequence of residues
of a heparin octasaccharide suggests that a sequence withii36—150 contains both the low-density lipoprotein receptor
heparan sulfate of similar size, but probably having a lower and heparan sulfate proteoglycan binding sites and that the
level of sulfation, corresponds to the binding partner for basic residues in this region are key to both interactions. To
apoE4. On average, heparan sulfate has a significantly lowerexamine this region of apoE at higher resolution than is
level of sulfation than heparirl{, 18). However, the most  available with current models, we have improved the
common disaccharide isolated from liver heparan sulfate hasresolution of the model to 1.8 A. Examination of this region
the same pattern of sulfation as the disaccharide sequenceeveals that there are two pairs of arginines positioned so
in the heparin octasaccharide fragmefid)-o-L-IdoAp2S- that each pair forms an anion binding site: R142 and R145
(1—4)-0-p-GIcNpS6S) 46). Therefore, the physiological and R147 and R150. In each case, the pair of arginines
ligand of apoE may have a much higher degree of sulfation interacts with a glutamate from a symmetry-related molecule.
than heparan sulfate from other sources. It is also possibleFor example, R145 forms two salt bridges: NH1 R145 and
that not all the sulfate groups, present in the heparin OE1 E49 and NH2 R145 and OE2 E49. The B conformation
octasaccharide fragment, may be required by the endogenousf R142 is also hydrogen bonded to one of the carboxyl
ligand for binding apoE4. For example, in the case of the oxygens of the same glutamate (NH R142 and OE E49)
fibroblast growth factor 2 (FGF-2)heparin interaction, the  (Figure 6A). Although the observed conformations of R145
6-O-sulfate groups on glucosamine residues of heparin areand R142 are an artifact of the crystal structure, they
not required for heparan sulfate binding to FGF4Z)( demonstrate that the guanidyl groups of R142 and R145 can
In a recent study, Shuvaev and co-workers studied theform salt bridges with the same anion. R147 and R150 form
interaction of apoE and heparin by SPR spectrosc8@y. (  similar interactions with E70 from a symmetry-related
They found aK4 of ~10 nM for the interaction of heparin  molecule. However, the near-normal heparin binding affinity
(or heparan sulfate) with full-length apoE under the same of apoE2 87) indicates that R150 is unlikely to form a direct
experimental conditions used in the current study. Further- interaction with the heparin fragment, since R150 has been
more, these investigators demonstrated that a heparin pentashown to form a salt bridge with D154 in apoE23( 39).
saccharide could competitively interfere with the heparin To explore the potential role of the R142 and R145 pair
apoE interaction but bound apoE with considerably less in binding to heparin, we performed manual docking using
avidity than did heparin. Our studies assessing the interactionthe structures of heparin fragments deposited in the Protein
of the apoE4 N-terminal domain with immobilized heparin Data Bank 40, 41) with the N-terminal domain of apoE4.
demonstrated binding<g = 150 nM) that was weaker than  These results indicate that a dodecasaccharide fragment of
that observed with full-length apoE. The difference in heparin can be positioned so that either @-8ulfo group
interaction between the N-terminal domain and full-length from a glucosamine forms a salt bridge with both R142 and
apoE appears to be primarily due to the faster (100-fold) R145 (Figure 6B) or R142 and R145 form salt bridges with
off-rate observed in the truncated structure, suggesting asulfates from adjacent saccharide residues. These orientations
secondary contact between the apoE C-terminal domain andof the fragment result in the predicted formation of additional
heparin, which stabilizes this interaction once the initial interactions between the heparin fragment and K143, K146,
contact is made. This possibility is consistent with the and R147 without any bad contacts with the N-terminal
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Ficure 7: Relationship of R145 and W34 and the interactions that
link R145 and W34 in the crystal structure of apoE4. The carbonyl
oxygen of W34 is hydrogen bonded to the same water molecule
(red ball) as R145. This water molecule is positioned directly

Biochemistry, Vol. 40, No. 9, 20012833

of this complex should reveal the exact position of the
heparin-binding site in the apoE4 N-terminal domain.
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